Pathogens have evolved mechanisms to adapt quickly to the unreceptive environment of the host and establish infection. Many of the events to which pathogens must respond occur at cellular membranes as sites of first contact. Work over the past decade has identified a novel class of membrane proteases that function to liberate effector domains from the membrane by cleaving transmembrane segments [1] [2] [3] . These intramembrane proteases are unusual polytopic enzymes; their active sites are assembled from residues on membrane-spanning segments, which embed their water-dependent catalytic apparatus beneath the surface of the membrane.
. These intramembrane proteases are unusual polytopic enzymes; their active sites are assembled from residues on membrane-spanning segments, which embed their water-dependent catalytic apparatus beneath the surface of the membrane.
Intramembrane proteases are among the most conserved of all membrane proteins known, with members in all kingdoms of life [4] [5] [6] . Despite being widespread in unicellular organisms, every intramembrane protease family was initially discovered through the study of metazoan biology or disease. Early examples of intramembrane proteolysis in unicellular organisms were rare [7] [8] [9] , but this field has gained momentum, especially in the area of pathogens, and is coalescing into a new and distinct field. It is now established that intramembrane proteolysis is a fundamental biochemical mechanism used by a wide range of pathogens to coordinate their infective cycles.
In this Review, I focus on the roles of intramembrane proteases in pathogenic microorganisms, starting with bacterial pathogens, before moving to eukaryotes, including protozoa and fungi, and closing with viruses. In comparing these examples, the challenge is to identify emerging common principles, and to expose promising areas for future investigation.
The protease cast Molecular dissection of a diverse array of cellular processes over the past ~12 years has identified dozens of intramembrane proteases, all of which can be grouped into three families on the basis both of sequence similarity as well as shared properties [1] [2] [3] (FIG. 1) .
The first intramembrane protease to be discovered was site 2 protease (S2P). This enzyme is responsible for catalysing the second cleavage step, which results in release of the transmembrane sterol regulatory element-binding protein (SREBP) transcription factor from the membrane, allowing it to stimulate cholesterol biosynthesis in mammalian cells 10 . S2P also functions in the unfolded protein response 11 , which is similar to the extracytoplasmic function of the Escherichia coli homologue regulator of σ E protease (RseP; also known as YaeL) in the stress response to unfolded proteins 12, 13 (FIG. 2) . S2P homologues are conserved in all forms of life, from archaea to humans, although a few organisms lack recognizable members 6 . S2P enzymes are polytopic membrane proteins that consist of a conserved core of three transmembrane domains with a well-defined HExxH metalloprotease signature in 
Metalloprotease
An enzyme that cleaves peptide bonds using a bound zinc ion to facilitate hydrolysis. The zinc is usually held in place by two conserved histidines and one acidic residue.
Aspartyl protease
A hydrolytic enzyme that uses two aspartate residues to activate water for cleaving peptide bonds.
Serine protease
An enzyme that uses a serine as a nucleophile for cleavage of peptide bonds. The serine is usually activated by a basic residue, and forms a covalent intermediate with the substrate that is released through attack by water.
one transmembrane segment, where the third residue required for zinc coordination (along with the two histidines in the HExxH motif) is supplied by an aspartate on a distal segment 6 (FIG. 1) . Individual S2P members elaborate this core structure through the addition of transmembrane segments that precede or follow the core, as well as through the insertion of extra-membranous domains.
Intramembrane aspartyl proteases were discovered through the analysis of alzheimer's disease aetiology: presenilin protein within the γ-secretase complex catalyses intramembrane proteolysis to generate the neurotoxic aβ42 peptide. although γ-secretase is generally absent from unicellular organisms, and will not be discussed further here, intramembrane aspartyl proteases are widely represented by signal peptide peptidase (SPP), a presenilin-like protein that uses two intramembrane aspartates to catalyse proteolysis 14, 15 ( FIG. 1) . Detection of signal peptide cleavage following their removal from proteins by signal peptidase led to the discovery of SPP in human cells. Some of the released fragments act as bioactive peptides with a range of functions 16 . unlike γ-secretase, SPPs do not require other protein cofactors for activity 17, 18 , and are widely conserved as multimember families in multicellular organisms, but are absent from bacteria 14, 19 .
Rhomboid proteins are intramembrane serine proteases that were identified through the genetic dissection of insect embryogenesis. Drosophila rhomboid initiates cell signalling by cleaving the transmembrane epidermal growth factor (EGF) precursor, Spitz, thereby releasing it as an active signal from the membrane 20 (FIG. 3) . Rhomboid is conserved in all kingdoms of life, and all family members have a conserved core structure of six transmembrane segments that contain the catalytic serinehistidine pair and a membrane-inserted loop 4, 5, [21] [22] [23] [24] (FIG. 1) .
Many homologues contain a variable amino-terminal domain that protrudes into the cytosol and/or a seventh transmembrane segment.
In addition to the differences in catalytic mechanism, intramembrane proteases also differ with respect to three main properties that allow them to fulfil distinct roles in the cell. First, both S2P and SPP are dependent on a prior, site 1 cleavage event that sheds the substrate ectodomain; this cleavage regulates processing of the substrate, as intramembrane cleavage follows automatically 1, 2 . Conversely, rhomboid proteases cleave full-length proteins and never require a prior cleavage 3, 20 . Second, the active site of rhomboid enzymes is situated closer to the extracellular face of the membrane, and rhomboids generally function to Generic substrates are in grey, an arrow depicts the proteolytic event and the activated effector domain is shown as a yellow star. The core six transmembrane segments of rhomboid are in blue, and the additional transmembrane segment and cytosolic domain that are present in many homologues are depicted in red and light blue, respectively. The conserved three transmembrane core of S2P is depicted in purple, the variable transmembrane segments are in orange and the extramembrane domain (frequently a PDZ domain) of some S2P members is in light blue. The insets show the crystal structures of the Escherichia coli rhomboid (protein data bank code 2NRF) and Methanocaldococcus jannaschii S2P (protein data bank code 3B4R) membrane core domains. Signal peptide peptidase (SPP) is shown in green (note that presenilins also have nine transmembrane segments but have the opposite membrane orientation). b | The conservation of each intramembrane protease in different forms of life is depicted. Presenilins are conserved only in multicellular organisms (not shown). By contrast, both S2P and SPP release proteins into the cytosol, and, accordingly, their active sites are situated closer to the cytosolic face of the membrane. Finally, rhomboid and γ-secretase cleave transmembrane segments of type I orientation (n termini outside the cell), whereas SPP and S2P cleave transmembrane segments of the opposite, type II orientation (carboxyl terminus outside the cell). Recently, there have been major advances in our understanding of the biochemistry of these enzymes, including the development of pure-enzyme reconstitution assays for all three protease classes 17, 18, [26] [27] [28] and the elucidation of several crystal structures of both prokaryotic rhomboid [21] [22] [23] [24] and S2P homologues 29 (FIG. 1) .
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This has allowed us to define new steps in the reaction, including those that enable substrates to enter the active site through lateral gating mechanisms [30] [31] [32] [33] . no structure has yet been solved for any aspartyl intramembrane protease, although low-resolution cryo-electron microscopy and particle reconstructions of γ-secretase have provided an initial glimpse 34 . These biochemical advances are beyond the scope of this Review, but have been the focus of several recent articles 33, 35 .
Roles in prokaryotic physiology our understanding of intramembrane proteolysis in microbial cell biology is improving (TABLE 1) .
Investigations over the past few years have revealed direct roles for intramembrane proteolysis in bacterial sporulation 7 , maintenance of cell polarity 36 , metabolite transport 37, 38 , stress responses 12, 13, 39, 40 and cell division 41 . It is also noteworthy that all three classes of intramembrane proteases are conserved in archaea, and some of these homologues have already served as useful models for the study of intramembrane protease biochemistry and structure 29 . However, although archaea are widespread ecologically, the biological roles of archaeal intramembrane proteases have not yet been explored, and this topic deserves future investigation. For clarity, I will limit this Review to direct roles of intramembrane proteases in pathogenic events. 
Roles in bacterial pathogenesis
Bacteria have rhomboid proteases that cleave membrane proteins of type I orientation and S2Ps that cleave membrane proteins of type II orientation. However, bacteria lack intramembrane aspartyl proteases, such as SPP. Confusingly, an activity that is responsible for cleaving bacterial signal peptides was also named signal peptide peptidase a (also abbreviated to SPP) 42 . However, this bacterial SPP was recently shown to be a serine protease with a single transmembrane segment and an active site that lies in the periplasm 43 : it bears no sequence or evolutionary similarity to the eukaryotic, aspartyl intramembrane SPP. S2P circuits and virulence. The functions of bacterial intramembrane proteases are currently best understood for S2Ps, which regulate membrane-tethered transcription factors: S2Ps cleave transmembrane anti-sigma factors or transcription factors that are directly tethered to the membrane. The role of the RseP protease in the E. coli extracytoplasmic stress response serves as a well-characterized but non-pathogenic paradigm 12, 13, 44 (FIG. 2) , although the recent implication of this pathway in the virulence of some pathogens implies that the pathogenic roles of S2Ps are likely to expand in the near future. Currently, S2Ps are known to directly regulate four distinct pathways that contribute to the virulence of several deadly bacterial pathogens.
Mycobacterium tuberculosis S2P and lipid metabolism. M. tuberculosis is an obligate human pathogen with complex stages of pathogenicity. It lacks an outer membrane, and instead virulence depends on the unusual waxy cell wall composed of a hydrophobic envelope 45 . Genome sequencing revealed many lipid biosynthetic genes, but the mechanism by which they are regulated is not well understood. The finding that S2P regulates membrane composition in animal cells prompted a similar analysis of the S2P homologue in M. tuberculosis. In striking parallel, the S2P knockout bacteria exhibited altered colony morphology that was consistent with altered lipid composition of the envelope. This defect relied on S2P proteolytic activity, as a catalytic site mutation failed to rescue the morphology 46 . although biochemical analysis did not reveal major differences in the envelope lipids of the S2P knockout strain, switch of S2P knockout cultures to detergent-free media resulted in aberrant changes in lipid metabolism compared with a wild-type strain. This suggests that it is not lipid synthesis, but responses to changing conditions that are defective in S2P mutants. Microarray analysis revealed complex and multi-faceted changes in lipid biosynthetic gene expression, including in genes that control the production of mycolic acid, an extractable envelope lipid that is known to contribute to the virulence of M. tuberculosis.
although the exact basis of the dysregulation remains to be determined, it is important to note that the S2P knockout bacteria exhibited 100-fold lower acute replication and 10,000-fold lower persistence in an aerosol infection model of mouse tuberculosis. These defects could be rescued by expression of the S2P transgene in the knockout strain, but to date the involvement of an S1P or even the identity of the S2P substrate (or substrates) remain unknown (FIG. 2) . nevertheless, this work underscores the possibility that S2P may be a viable therapeutic target for tuberculosis, by illustrating that removing S2P activity has dramatic and direct, although not well understood, effects on several phases of the disease.
Pseudomonas aeruginosa S2P and exopolysaccharides.
The S2P circuit has been characterized in greater detail in P. aeruginosa, a Gram-negative, opportunistic pathogen that colonizes the lungs of patients with cystic fibrosis. alginate is an exopolysaccharide that is produced by P. aeruginosa and confers a mucoid morphology on bacterial colonies grown in culture. In the lungs of patients with cystic fibrosis, alginate renders the bacteria more adherent and less sensitive to antibiotics and host defences, and contributes to biofilm formation 47 . During colonization, conversion of P. aeruginosa strains from non-mucoid to a 'slimy' mucoid appearance correlates with a poor prognosis in patients with cystic fibrosis.
The molecular pathway responsible for alginate biosynthesis was recently revealed to be regulated by an intramembrane proteolysis circuit that is similar to the E. coli extracytoplasmic stress response 48 (FIG. 2) . Pathway activation is subject to various environmental inputs and intersects with other pathways, but the core of the circuit is sequential S1P-and S2P-mediated cleavage of the anti-sigma factor Muca (a homologue of Rsea) 48 . 
Nosocomial
An infection acquired in a hospital.
Conjugation
A physical joining of two bacterial cells for the purpose of transferring genetic material.
Quorum sensing
A cell-to-cell signalling mechanism by which bacteria monitor their population size and react to it accordingly.
The S1P is algW and the S2P is MucP, which is ultimately responsible for cleaving Muca, thereby releasing the σ E homologue algu from the inner membrane to activate the alginate biosynthesis operon. However, unlike RseP in E. coli, mucP is not an essential gene. Clinically, mucA is a hot spot for mutations that confer a stable mucoid phenotype to isolates from patients with cystic fibrosis; up to 90% of mucoid isolates can carry mucA mutations, most of which are nonsense or frameshift mutations that render Muca unable to sequester algu 49 . antibiotics that target the cell wall also activate this pathway, resulting in alginate production and expression of other factors, including cell wall repair enzymes 50 . although this may be a natural defence mechanism against the antibiotic-secreting microorganisms P. aeruginosa encounters in its native soil environment, this response also has implications for treating P. aeruginosa infections. It is currently unclear if biosynthesis of exopolysaccharides is generally regulated by intramembrane proteolysis, as alginates themselves are known to be synthesized by only two bacterial genera, Pseudomonas and Azotobacter.
Vibrio cholerae S2P and toxin production. It is noteworthy that the opposite situation, although less common, also exists: some transmembrane transcription factors are competent for transcriptional activation while integral to the membrane, but proteolytic release renders them inactive. V. cholerae is a devastating diarrhoeal pathogen that has killed millions of people in eight documented pandemics throughout history. virulence gene expression must be carefully controlled by a pathogen that also exhibits an aquatic existence outside the human host 51 ; intramembrane proteolysis has been implicated in limiting virulence gene expression 52 . The master virulence gene activator ToxT directly activates transcription of the canonical virulence factors cholera toxin and the toxin co-regulated pilus 51 . a myriad of inputs, including environmental and quorumsensing signals, ultimately converge on toxT transcription through two transcription factors, ToxR and TcpP. TcpP seems to be the dominant factor, and is rendered unstable under non-virulence or unfavourable conditions. a genetic screen implicated the S2P protein YaeL as the protease that is responsible for TcpP instability 52 (FIG. 2) .
In a YaeL mutant, the stabilized TcpP was smaller, which is consistent with site 1 cleavage, but despite testing of four candidates, the identity of the S1P remains elusive. Moreover, the signals that induce degradation of TcpP by activating site 1 cleavage also remain unclear. Similarly to M. tuberculosis, the involvement of an S2P in virulence has only recently been shown and the precise molecular pathway involved has yet to be elucidated, although in this case blocking S2P would be expected to induce virulence genes.
Enterococcus faecalis S2P and pheromones. a rare exception to the general rule that S2P regulates only transcription factor activity is exemplified by mating pheromone production by E. faecalis. This Grampositive bacterium is usually a commensal of human intestinal flora, but has also emerged as an important source of nosocomial infections. Moreover, because antibiotic resistance is endemic to E. faecalis and vancomycin resistance has now become common in Enterococci through horizontal gene transfer, E. faecalis poses a serious threat beyond its own infective capabilities 53 . This has made understanding Enterococcal plasmid transfer an important area of research 54, 55 . E. faecalis plasmid transfer is regulated by intricate cell-to-cell signalling through pheromones that are produced by plasmid-free, recipient cells 54, 55 . The pheromones are heptapeptides or octapeptides that are produced by intramembrane proteolysis of latent signal peptides from chromosomally encoded lipoproteins (which are not involved in the process) [56] [57] [58] (FIG. 2) .
These pheromones enter the plasmid-bearing, donor cells and activate transcription of conjugation genes from the plasmid, including an aggregation substance that aids cell clumping, to promote plasmid transfer. Intriguingly, once transferred, the plasmid encodes an inhibiting pheromone precursor of 21 to 23 residues that also relies on intramembrane processing to the active heptapeptide or octapeptide inhibitor to prevent self-induction. a search for the processing enzyme isolated an S2P termed Eep (enhanced expression of pheromone) 9 . Strikingly, eep null cells were found to reduce the transfer of many (but not all) plasmids that use different pheromones, indicating that the processing enzyme itself is a common link between various pheromone systems.
Recently, it has become clear that this form of intramembrane proteolysis also plays a direct part in the virulence of this nosocomial pathogen [59] [60] [61] . Induction of conjugal transfer genes was discovered to be triggered after exposure to human plasma, and the resulting production of the aggregation substance, asc10, increased resistance to phagocyte killing, as well as bacterial adherence and invasion of epithelial cells [59] [60] [61] . Importantly, asc10 biosynthesis required pheromone production by the bacterial cells, whereas serum albumin was found to bind the inhibiting pheromone 62 . Thus, differential sequestration of the inhibitor by albumin alters the pheromone:inhibitor balance, resulting in self-induction and production of asc10. an important implication of these observations is that the autocrine signalling loop that triggers virulence factor production in plasma requires production of the pheromone by the intramembrane protease Eep (FIG. 2) .
Rhomboid and quorum sensing. The role of Eep in cellto-cell communication is exceptional, as it is the only described case in any organism of an S2P that cleaves proteins to release polypeptides to the cell exterior. This function is normally ascribed to rhomboid proteases, the active sites of which lie close to the external membrane face. Rhomboid was implicated in cleaving growth factor signals in Drosophila development 3 , and subsequently in quorum sensing by Providencia stuartii 8 , a Gram-negative pathogen that causes urinary-tract infections. Two separate genetic screens isolated the rhomboid homologue aara (aminoglycoside acetyltransferase regulator a) of P. stuartii as a factor involved in density-dependent
Pleiotrophic
The state of having multiple, and seemingly unrelated, phenotypes.
Biolog
A commercial, phenotypic testing method conducted using a large number of standardized conditions.
Moving junction
A specialized adhesive point of contact between the parasite and host that appears as an electron-dense structure in electron microscopic analysis, and traverses the surface of the parasite as a tight ring during invasion of the host repression of an aminoglycoside acetyltransferase, and activation of other, uncharacterized genes 8, 63 . Subsequent study established that the proteolytic mechanism and specificity were conserved between Drosophila rhomboid and aara 64 , and, remarkably, interchanging their genes could rescue fly and bacterial signalling 65 . Moreover, although its identity remained unknown, the bacterial signal had biochemical properties that were consistent with it being a small peptide 66 . Taken together, these observations suggested that activation of cell-to-cell signalling through rhomboid-mediated processing of precursor proteins might be the first signalling circuit known to be conserved between animals and bacteria 65 . Contrary to expectation, this turned out to be both a rare and superficial similarity (FIG. 3) . In an attempt to clone additional rhomboid homologues, the aarA mutant of P. stuartii was found to be rescued by the Tata subunit of the twin arginine translocase from several other bacteria, but mysteriously not from P. stuartii itself 67 . a sequence comparison revealed that the P. stuartii Tata contains a seven-residue extension on its n terminus. This observation immediately suggested that this extension is not the signal, as occurs in lipoprotein processing by Eep, but rather that this extension acted negatively to prevent Tata activity prior to its proteolytic removal. The role of aara was clarified in an elegant genetic experiment: production of the signal for quorum sensing, as well as all known pleiotrophic phenotypes of aarA, were restored in an aarA mutant that expressed an experimentally truncated Tata lacking the seven-residue extension 67 . Moreover, aara was shown to cleave Tata. understanding this unusual quorum-sensing system now awaits identification of the signalling molecule, but it is clear that the only apparent role of aara in P. stuartii is in activating Tata, presumably for signal export.
apart from in P. stuartii, we have no knowledge of rhomboid function in bacterial physiology and pathogenesis. The only known bacterial substrate for rhomboid is Tata, yet only a few bacteria, perhaps less than 1%, encode the rhomboid-dependent form of Tata. This implies that the role of aara is a rare adaptation rather than a generally applicable paradigm. To date, the genetic deletion of the E. coli rhomboid GlpG has no discernible phenotype even when interrogated using a biolog approach 68 , whereas a filamentous phenotype has been reported in a Bacillus subtilis rhomboid knockout, although its molecular basis is unclear 37 . It is currently unclear whether bacterial rhomboid enzymes might constitute potential therapeutic targets. although the Tat system itself has documented roles in pathogenesis in some bacteria, and it is therefore possible that aara could be a target in P. stuartii, the extended Tata forms that require rhomboid processing in other pathogens are rare 69 . Moreover, the few available examples of rhomboid-deficient bacteria display a modest increase in antibiotic resistance 63, 68 , suggesting that inhibiting rhomboid might not be a good therapeutic strategy. Conversely, recent identification of rhomboid protease mutants with increased activity might suggest that if this increase can be mimicked pharmacologically, it could lead to a new strategy for lowering antibiotic resistance by stimulating rhomboid activity 30, 32 .
Roles in protozoan parasites
Eukaryotic protozoan parasites are among the most successful and devastating pathogens. Important non-signalling roles for intramembrane proteases in these pathogens have recently been identified that offer promising targets for therapeutic intervention.
Apicomplexan parasites. Protozoan parasites of the phylum apicomplexa include Plasmodium falciparum, the cause of malaria, which afflicts 10-40% of the world's population and claims 2 million lives per year (mainly children). Toxoplasma gondii and Cryptosporidium parvum are major pathogens of immunocompromised individuals, including patients with aIDS. The problems that apicomplexans cause are not limited to human health: Eimeria tenella infects poultry and causes annual losses in revenue that total nearly uS$1 billion.
Without exception, apicomplexans are obligate intracellular pathogens, and this has focused attention on their mechanism of invasion
. Molecular dissection of T. gondii invasion revealed that proteolytic shedding of adhesins from the parasite surface is required for invasion 70, 71 (FIG. 4) . although the protease initially eluded identification, many lines of evidence now suggest that a parasite-encoded rhomboid enzyme is responsible. T. gondii encodes six rhomboid enzymes, four of which are proteolytically active 72, 73 , but only one, rhomboid protease 5 (RoM5), has the capacity to cleave parasite adhesins directly in a defined heterologous assay 72 . Importantly, the cleavage sites of numerous adhesins during invasion have been mapped to their transmembrane segments [74] [75] [76] . Finally, RoM5 resides on the parasite surface, enriched towards the posterior end, which is the expected site of adhesin cleavage 72 . although these observations provide strong, correlative evidence that RoM5 is the protease that dissolves the moving junction at the end of the invasion programme, they should not be viewed as causative. It is important that genetic tests be applied to validate the importance of RoM5 in invasion, but owing to the difficulty of the system, this has not yet been possible.
Box 1 | Parasite adhesins and invasion
Unlike most invasive pathogens, apicomplexa do not enter cells by triggering endocytic uptake by the host, but rather use an intricate form of parasite motility to force their way into host cells 108, 109 (FIG. 4) . Adhesins are key parasite-encoded molecules in the invasion process that form the interface between the parasite and host. These transmembrane proteins act as bridging molecules that form strong and specific interactions with various receptors on the host surface, and link to the actomyosin contractile system inside the parasite 108, 109 . Parasites encode a diverse arsenal of adhesins, some of which are specific for invasion of different cell types, whereas others define different entry routes into the same cell and others act in concert to facilitate invasion 82, 110 . The result is formation of a moving junction between the parasite and host surface that sweeps across the parasite from the apical to the posterior end, propelling the parasite into the host and causing invagination of the host membrane to form the nascent parasitophorous vacuole 111 (FIG. 4) . Although the moving junction forms the essential tight association that drives invasion, it must be dismantled at the end of the invasion programme for parasite internalization and sealing of the host membrane 70, 71 . Extension of these observations to P. falciparum, which causes the lethal form of malaria, met unexpected complexity. although P. falciparum encodes up to eight rhomboid proteins, it does not have a direct orthologue of RoM5 from T. gondii (REFS 77, 78) . Moreover, most P. falciparum adhesins possess aromatic residues in their transmembrane segments, and as a result are refractory to cleavage by typical rhomboid enzymes 77 . It is clear that other proteases are also involved in invasion by P. falciparum, including the membrane-tethered subtilisin SuB2 (REF. 79 ). However, a direct enzymatic analysis of P. falciparum rhomboid proteases revealed that one rhomboid, RoM4, displays an atypical mode of specificity that is specialized for cleaving P. falciparum transmembrane adhesins that cannot be processed by SuB2 or canonical rhomboid enzymes 77, 80 . Indeed, RoM4 from P. falciparum is unable to cleave typical rhomboid substrates, but a second enzyme, RoM1, provides this activity 77 . Intriguingly, RoM5 from T. gondii cleaves standard rhomboid substrates and adhesins with aromatic residues in their transmembrane segments, suggesting that it functions as a 'dual specificity' rhomboid 77 . It is therefore tempting to speculate that when P. falciparum lost a homologue of T. gondii RoM5, it co-opted two rhomboid proteases with different substrate specificities that together could cover the repertoire of substrates that were normally cleaved by T. gondii RoM5 alone.
Adhesins Cytosol
Red blood cell
Further analysis of over a dozen P. falciparum adhesins known to be involved in invasion revealed that they could all be processed by RoM4, or less commonly by RoM1, or at times by both 77 . These observations potentially broaden the role of rhomboid enzymes to include all invasive stages of the parasite's life cycle, both in the human host and in the mosquito vector. analysis of RoM4 and RoM1 from P. falciparum directly in merozoites, the parasite form that causes the disease, further revealed that they are at the right place at the right time to execute their proposed roles during invasion (FIG. 4) . RoM4 was found to be on the surface of the merozoite 80 , whereas RoM1 was localized internally and defined the existence of a new organelle termed the mononeme 81 . However, consistent with a role in adhesin processing, RoM1 was found to be released onto the merozoite surface prior to, or during, invasion 81 . Importantly, different adhesins are known to define alternative invasion routes into a host cell, and parasites are able to switch pathways when one becomes blocked 82 . an implication of these early observations is that rhomboid cleavage of most transmembrane adhesins provides a convergence point that might be a weakness of the parasite's invasion strategy. For both P. falciparum and T. gondii, the difficulty of working with haploid organisms has thus far impeded genetic tests of this model. Perhaps the most compelling observation is the discovery that at least one essential adhesin is cleaved in its transmembrane segment during merozoite invasion 80 . Moreover, a further encouraging observation is failure to generate transgenic parasites that harbour a rhomboid-uncleavable adhesin 80 , although this provides only indirect evidence that rhomboid proteolysis is essential. other apicomplexan parasites, including C. parvum and E. tenella, also encode rhomboid proteases and, although the functions of these proteases have not yet been assigned, they have been identified in several antigen expression cloning screens from specific stages of the parasite's life cycle 83, 84 . It is anticipated that these proteases have analogous roles during parasite invasion, but direct examination is required. An example of parasitism of a human red blood cell by two different protozoan pathogens is shown. a | A P. falciparum merozoite invading the red blood cell using the rhomboid enzymes ROM4 (green) and ROM1 (red, initially in the mononeme) to break down the moving junction (formed between parasite adhesins and host receptors) at the end of invasion. The steps and roles of rhomboid enzymes, which are detailed in the main text, lead to malaria in the host. The invasion mechanism and role of rhomboid is similar in Toxoplasma gondii. b | An E. histolytica trophozoite in the process of internalizing a red blood cell through phagocytosis. The rhomboid ROM1 (green) relocalizes from the secretory pathway to the phagosome, colocalizing with its putative substrate the Gal-GalNAc lectin (blue). The amoeba translocates antibody-bound surface proteins to the cap, a membranous vesicle-like structure that it will jettison to evade immune system attack. ROM1 colocalizes to the neck of the cap during the capping process. Penetration of the intestine by E. histolytica and evasion of the immune system can lead to life-threatening abscesses.
Band 3
An integral membrane protein responsible for chloride and bicarbonate exchange on erythrocytes.
Microneme
A specialized, apical, tiny, vesicle-like organelle of apicomplexan parasites that houses adhesins and other proteins for secretion during invasion.
Gal-GalNAc lectin
A protein that is specialized for binding sugars, in this case containing galactose and N-acetylgalactosamine.
an SPP homologue has also recently been implicated in the invasion of erythrocytes by P. falciparum 85 . unusually for an intramembrane protease, this SPP was identified through a yeast two-hybrid screen for parasite proteins that interact with band 3 of human erythrocytes. Contrary to metazoan SPPs, SPP from P. falciparum was not localized in the endoplasmic reticulum (ER), but was found internally in micronemes and on the apical surface of the parasite, and an antibody to the surface-exposed region of SPP blocked parasite invasion of erythrocytes. Moreover, a cell-based assay showed that the intramembrane protease activity of SPP from P. falciparum was similar to that of its human counterpart 86 , and two general SPP inhibitors were recently found to block merozoite invasion of erythrocytes and subsequent parasite multiplication 87 . These observations suggest that P. falciparum SPP has multiple essential proteolytic functions in the erythrocytic stage. SPP is also expressed in other phases of the parasite's life cycle, and thus could provide proteolytic activity for other cellular processes. Identifying SPP substrates, which based on the topology of SPP are expected to be type II membrane proteins, should help clarify its function (or functions).
Rhomboid functions beyond invasion. Many parasites, including T. gondii and Plasmodium spp., encode multiple rhomboid enzymes that are not thought to be involved in adhesin cleavage. Functions other than invasion are also suggested by the finding that several T. gondii RoMs are localized to different organelles 88, 89 . What are the roles of these rhomboid enzymes?
Recent analyses have started to focus on this question: RoM1 knockdown revealed no defects in T. gondii invasion, but rather impaired multiplication of parasites within host cells 89 . Similarly, RoM1 knockout in Plasmodium berghei, which causes rodent malaria, yielded parasites that were able to complete the entire life cycle, both in the mosquito and mouse hosts, although several stages were delayed or resulted in production of fewer parasites 90 . Removal of P. berghei RoM1 activity may therefore lead to a general 'unfitness' of parasites, consistent with analysis in T. gondii. However, it should be noted that whereas T. gondii RoM1 knockdown parasites displayed mild phenotypes, repeated attempts to generate RoM1 knockout T. gondii failed 89 . This observation raises the possibility that mechanisms partly compensating for RoM1 loss could have emerged in the knockdown parasites. It remains to be seen whether P. berghei could also have adapted to the loss of RoM1 during the knockout procedure, as has been observed for some genes 82 . Therefore, genetic approaches may not yet have revealed the full spectrum of RoM1 functions, and the substrate (or substrates) that RoM1 processes in these events also remains unknown.
Despite these limitations, infection of mice with P. berghei RoM1 knockout parasites resulted in clearance by the immune system and protective immunity against subsequent wild-type parasite infection 90 . Collectively, these experiments provide direct evidence that, although some rhomboid enzymes could have broad but non-essential roles in the life cycle of apicomplexan parasites, blocking the activity of rhomboid enzymes may still prove to be a successful strategy for anti-parasite therapy.
Role of rhomboid in parasitic amoebae. Intramembrane proteases are also widely conserved in protozoa that do not invade cells. Thus, a direct role in invasion probably reflects a specialization rather than a common function. What is the role of intramembrane proteases in non-invasive pathogens? Entamoeba histolytica is an enteric pathogen that causes amoebic dysentery, but can also burrow through the intestine and spread to other organs, causing life-threatening abscesses. unlike most eukaryotic cells, the amoeba genome encodes only one active rhomboid protease, RoM1, making the analysis of non-invasive functions of rhomboid enzymes attractive in this exclusively extracellular pathogen 91 . Biochemical analysis of E. histolytica RoM1 revealed that it possesses atypical substrate specificity that is analogous to P. falciparum RoM4 (REF. 91 ). But the recent excitement over E. histolytica RoM1 stems primarily from the protein that it cuts: a substrate search identified a heavy subunit of a family of surface Gal-GalNAc lectins known to have decisive roles in parasite virulence 92 . These lectins sit at the crossroads between different pathogenic modes, from establishing a benign, commensal infection, to initiating host attack through cell death and lysis, or differentiation into a dormant cyst. In fact, the lectins themselves are thought to determine the route taken, but how these decisions are made is not clear. at the amoeba surface, lectins contact host cells directly, which is essential both for host cell killing and phagocytosis of erythrocytes 92 (FIG. 4) . E. histolytica RoM1 is also localized to the surface and in undefined internal structures, but relocalizes to phagosomes along with lectins during phagocytosis 91 . During some of these events, lectins are cleaved, but the role of proteolysis and the identity of the responsible protease had remained unclear. It is tempting to speculate that lectin cleavage by E. histolytica RoM1 plays an instructive part in some of these important events. Interestingly, similarly to roles in apicomplexans, the function of the amoebic rhomboid enzyme is to cleave adhesins, although the outcome is not host cell invasion, but rather phagocytosis and virulence.
analysis of E. histolytica RoM1 function also revealed a new role for rhomboid enzymes. E. histolytica is an extracellular pathogen, and with important proteins such as its lectins prominently displayed on its surface, it must evade the host immune system. one amoebic mechanism for immune evasion is receptor capping; surface proteins that are attacked by the host immune system are translocated to the posterior of the parasite and jettisoned on a membranous ball 93 (FIG. 4) . Intriguingly, inducing receptor capping experimentally caused E. histolytica RoM1 to redistribute to the neck of the nascent cap, implying that RoM1 has a role in cap release 91 (FIG. 4) . However, although these intriguing correlations are striking, blocking E. histolytica RoM1 activity, either through genetic ablation or pharmacological interference, is required to determine the part that E. histolytica RoM1 might play 
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in these important events. These lines of investigation are challenging, as the available genetic techniques are rudimentary for amoebae, and no rhomboid inhibitors are yet available.
Roles in pathogenic fungi
The functions of intramembrane proteolysis in pathogenic fungi have only recently been explored. The only work in this area stems from the study of adaptation to hypoxia by Cryptococcus neoformans, an inhaled human pathogen that disseminates to the brain, where it causes the most common form of fungal meningitis (FIG. 5) . C. neoformans is an obligate aerobe that is exquisitely sensitive to oxygen levels for growth, and must therefore adapt to low oxygen during pathogenesis in body tissues. Recent work discovered that the classical SREBP pathway is responsive to oxygen levels, and SREBP itself signals hypoxic adaptation in Schizosaccharomyces pombe 94 . Screens for mutants defective in hypoxic growth 95 , and extension of the SREBP paradigm to C. neoformans identified cleavage of its SREBP 96 , Sre1, as a response to low oxygen levels (FIG. 5) . Microarray analyses identified 50-100 genes that are regulated by Sre1 in response to oxygen. During infection of a mouse model, fungi that harboured deletions of Sre1, or the S2P homologue Stp1, showed greatly reduced growth in animal tissues, resulting in not only improvement of gross pathology, but a striking increase in survival of infected animals. Thus, S2P-mediated proteolysis plays a key part in the virulence of C. neoformans by facilitating acclimatization of the fungi to the hypoxic nature of host tissues. another particularly encouraging observation is that the C. neoformans mutant for Stp1 is 100-fold more sensitive to common anti-fungal azole drugs, suggesting that targeting S2P may at least provide synergistic effects in combination therapy with current drug regimens, if not as an improved regimen on its own. This awaits future investigation, as does identification of other components of this pathway, including a possible S1P.
It should be noted that S2P homologues seem to be absent in many fungi, some of which may compensate by releasing SREBP using alternative pathways, such as regulated ubiquitin/proteasome-dependent processing (RUP) 97 . as such, S2Ps may not prove to be broadly applicable as antifungal targets. However, most fungi encode other intramembrane proteases, with rhomboid proteases being particularly common, that have not been explored in the context of either biological regulation or fungal pathogenesis. This remains a fertile area of research for the future.
Roles in viral maturation although there are currently no known viral intramembrane proteases, several Flaviviridae have been found to rely on host-encoded SPP to provide essential functions for viral propagation. Most research has centred on the assembly of hepatitis C virus (HCv), a positive-strand Rna virus that infects over 150 million people globally and constitutes a major cause of cirrhosis and hepatocellular carcinoma.
The HCv genome consists of a single open reading frame that codes for one polyprotein of ~3,000 residues from which all individual viral factors must be excised 98 . as such, the virus relies heavily on proteases, both host and viral, to process the polyprotein into functional viral components. The n terminal one-third contains the structural capsid core protein followed by two envelope proteins. The first signal peptide between core and E1 directs insertion into the ER membrane, and cellular signal peptidase releases the signal peptide from E1. But as a consequence of polyprotein continuity, the released signal peptide of E1 becomes a de facto C terminal transmembrane segment of core protein (FIG. 6) . This signal peptide is processed further by SPP activity, which was recognized before the gene for SPP was identified 99 . The SPP-processed core remains membrane-associated, but is now able to traffic to lipid droplets for virus assembly 100 . although the existence of the C terminal, core-processing event was widely documented, whether it was essential for virus production remained unclear until earlier last year.
Initial attempts to address this issue by making core mutants that cannot be processed by SPP yielded conflicting results, which have now been tracked to core polymorphisms among different HCv serotypes. a second hurdle was developing methodologies to assess impact on virus production and infectivity. With these advances in hand, several lines of evidence, including small interfering Rna knockdown of SPP 101 , and use of core mutants 102 , SPP inhibitors and dominant-negative mutants 103 , all agree that reducing core processing lowers released virus titre, and hinders HCv propagation and infectivity up to Outside the body, C. neoformans (blue) experiences a highly aerobic environment, but encounters hypoxia during inhalation and dissemination into host tissues. Hypoxia is thought to lower sterol production, as biosynthesis requires oxygen. As in human cells, lower sterol levels are thought to result in release of the Scp1-Sre1 complex (SCAP-SREBP in humans) from the endoplasmic reticulum to the Golgi apparatus (right), which is followed by sequential cleavage by an unidentified Cryptococcal site 1 protease (S1P in humans) and Stp1 (S2P in humans). The site 2 cleavage releases the Sre1 transcription factor domain from the membrane, allowing it to enter the nucleus and activate biosynthetic and hypoxia response genes. In humans, SREBP does not participate in a hypoxic response, but if Stp1 activity is blocked by mutation, C. neoformans is unable to adapt to hypoxic conditions and cannot survive in host tissues. Nature Reviews | Microbiology tenfold. Mechanistically, unprocessed core was delayed in trafficking to lipid droplets and subsequent recruitment of replicated viral Rna and non-structural factors to virions 102 (FIG. 6) . Moreover, capsids self-assembled from unprocessed core expressed in a heterologous system yielded unstable virus-like particles 104 . These studies provide proof-of-principle that inhibiting SPP hinders HCv virus propagation, but it is not clear if the observed reduction is enough to limit or cure a chronic infection, for which a widely effective therapy is eagerly sought. Indeed, early observations suggest that inhibiting SPP results not in a block, but rather in a delay, in virus assembly 102 . animal models, which add pharmacokinetic and immune dimensions to the studies, are required to evaluate this possibility further. Recent advances should help to motivate this challenging approach.
Two other members of the Flaviviridae that are of limited medical importance have also been shown to require core processing by SPP 105, 106 (TABLE 1) , and SPP also plays a part in the infective cycle of an unrelated virus, the herpes virus cytomegalovirus 107 . In this context, SPP is required for the dislocation of major histocompatibility complex proteins from the ER as part of a larger viral immune evasion strategy. However, whether SPP requires proteolytic activity for this function and the impact of blocking SPP on virus infection remain unexplored.
notably, in these contexts, it is the host SPP enzyme, rather than a viral enzyme, that would serve as a target for antiviral therapy. This has two main implications: first, it could confound therapy with side effects owing to the other roles that SPP has in cells, especially in the immune system. Second, and on a positive note, targeting host SPP could limit the scope for emergence of drug resistance (as it would be limited to the host cell rather than to the virus).
Emerging principles and future directions Intramembrane proteolysis as a field has its origins in animal biology and disease, but intramembrane proteases are widely conserved in unicellular organisms. The past few years have witnessed major advances in our understanding of the roles these enzymes have in pathogenic organisms of all types. although this can now be viewed as a firmly established and distinct new field, key challenges remain both in our understanding of the parts these enzymes play and in evaluating their potential as therapeutic targets.
an important goal is to gain a representative picture of intramembrane proteolysis in pathogenic organisms across evolution. Most known roles for intramembrane proteases generally fall into particular pathogen types; S2P features prominently in bacterial pathogens, rhomboid proteases have important functions in protozoan parasites and SPP is the only intramembrane protease implicated in viral assembly. The groupings are not exclusive and are at least partly due to limited study, but it will be important to see to what level this general trend holds as more examples become characterized. another major gap is the lack of any information on intramembrane proteolysis in pathogens that infect plants, probably because these pathogens do not receive similar levels of attention. Collectively, this information is key to our understanding of the specialization and evolutionary origins of intramembrane proteolysis in pathogenic microorganisms.
Despite the demonstrated importance of intramembrane proteolysis in various pathogens, no intramembrane protease has been targeted with inhibitors in the context of disease models. Currently, this approach is hampered by the difficulty in developing specific inhibitors for both rhomboid and S2P families, but strategies to overcome hurdles should emerge as our biochemical and structural understanding of these enzymes increases. another potential challenge is the conservation of intramembrane proteases in animal hosts, which could crossreact with inhibitors. although this is a major issue, it is possible that a window of opportunity exists, because these proteases are often distantly related homologues and because infections tend to require acute rather than chronic treatment. These lines of investigation present tremendous challenges and opportunities for the future, and given the attractive nature of proteases and membrane proteins as drug targets, could even culminate in new strategies for therapeutic intervention for a range of infectious diseases. 
